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[57] ABSTRACT

Novel 3-substituted oxetane monomers for photoinitiated
cationic polymerization, compositions for polymerization
containing these oxetanes, processes for polymerizing the
monomers, and polymers produced thereby are disclosed.

A class of oxetane monomers have the formula

| 1T

wherein R' is hydrogen, alkyl of 1 to 6 carbons, fluorine,
fluoroalkyl of 1 to 6 carbons, allyl, aryl, furan or thiophene;
R? is a polyvalent radical chosen from the group consisting
of linear or branched alkylene, linear or branched poly(alky-
leneoxy), xylylene, and silicones; Z is oxygen or sulfur; and
mis 2, 3 or 4.

7 Claims, No Drawings
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1
PHOTOCURABLE SILICONE OXETANES

CROSS REFERENCE TO RELATED
APPLICATION

This s a continuation-in-part of our U.S. application Ser.
No. 07/837.,473, filed Feb. 18, 1992, now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to novel 3-substituted oxetane
monomers for photoinitiated cationic polymerization, to
compositions for polymerization, containing these oxetanes,
to processes for polymerizing the monomers, and to poly-
mers produced thereby.

2. Information Disclosure

Ultraviolet (UV)-induced polymerization, or curing, has

become very important in the wood coating, metal decorat-
ing and printing industries as a consequence of its high cure
and application speeds, essentially pollution-free operation,
very low energy requirements and generally excellent prop-
erties. Early developments in this field centered about the
photoinduced free radical polymerization of multifunctional
acrylates and unsaturated polyesters. Today, these matenials

still remain the workhorses of the UV cure industry. While
the bulk of the current research effort continues to be

directed toward photoinduced free radical polymerizations,
it 15 well recognized that 1onic photopolymerizations also
hold considerable promise in many application areas. Pho-
toinduced cationic polymerizations are particularly attrac-
tive because of the wealth of different chemical and physical
properties which can potentially be realized through the
polymerization of a wide variety of monomers. Further,
photoinitiated cationic polymerizations have the advantage
that they are not inhibited by oxygen and thus, may be
carried out in air without the need for blanketing with an

inert atmosphere to achieve rapid and complete polymer-
ization.

Until the present, photoinitiated cationic polymerization
technology has centered about the photopolymerization of
two types of monomers: epoxides and vinyl ethers. In
particular, the photopolymerization of epoxides gives coat-
ings with high thermal capability, excellent adhesion and
good chemical resistance. Conventional photocurable
epoxides have, however, the drawback that they undergo
photopolymerization at rather slow rates. This factor renders
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them unsuited for certain applications such as paper and

plastic coatings in which rapid UV curing is required.

Eckberg et al. [Radtech 90 North American Proceedings
vol 1, 358-370 (1990)], which is incorporated herein by
reference, discloses a series of linear and branched silicones
having strained epoxide functional groups for photopoly-
merization. Catalysts and polymerization conditions are
described.

Covello and Lee [Radtech 90 North American Confer-
ence Proceedings Vol. 1, 432-445 (1990)], which is incor-
porated herein by reference, have described silicon-contain-
ing multifunctional = monomers  bearing  strained
cycloaliphatic epoxide rings that undergo especially rapid
polymerization. These cationic photopolymerizations occur
at speeds at least 100 times faster than the fastest commer-
cial epoxide monomers. Similar silicon-containing mono-
mers bearing open chain epoxides display rather poor UV
curing responses.

Based on those observations, Crivello and Lee concluded
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that a major factor in the high photoresponse of the silicon-
containing epoxides bearing cycloaliphatic epoxide rings 1s
the high ring strain of the epoxide groups in these com-
pounds. It 1s well known that epoxides have the highest ring
strain of the cyclic ethers. Thus, all types of epoxides would
be presumed 10 be more reactive in cationic UV photopo-
lymerization than oxetanes, which would be more reactive

than monomers containing five membered rings i.c.

0O O
Tl Oy
-
Further, 1t would also be expected that multifunctional
oxetane monomers would be less reactive than the corre-
sponding multifunctional epoxides. Oxetanes are known to
undergo polymerization but their rates of polymerization are
not discussed in the art in which the oxetanes are disclosed.
U.S. Pat. No. 4,058,400 (Crivello) discloses that 3,3-
bischloromethyloxetane and alkoxyoxetanes may be cationi-
cally photopolymerized.
U.S. Pat. No. 3,673,216 (Schroeter) discloses a series of

4,4-dialkyl-2-alkoxyoxetanes and states that they may be
polymenzed with Friedel-Crafts catalysts.

German Patent 1,021,858 (Bodenbenner and Wegler) dis-
closes oxetanes of general formula

CH>

7\
O0—CH;—C O)r

I\ _/
R CH»

R(

wherein R 1s an aromatic residue having {wo or more
valences and R' is ethyl. Specifically disclosed are com-
pounds wherein R is

and

SUMMARY OF THE INVENTION

It 1s an object of the invention to provide monomers that
can be polymerized with short UV exposure times.

1t 15 a further object of the invention to provide monomers
that can be polymerized without the need to exclude oxygen.

It 1s a further object of the invention to provide monomers
that may be easily prepared from readily available starting
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materials.

It is a further object of the invention to provide polymers
that are strong, chemically resistant, and adherent.

It has been surprisingly found that a number of di-and
trifunctional oxetane monomers show exceptionally high
reactivity in cationic UV curing. Their reactivity is approxi-
mately the same as those monomers containing strained
epoxide groups, which would not have been predicted based
on the current state of knowledge of cationic UV curing.

The oxetane monomers of this invention have the addi-
tional advantage that they may be prepared in high yields by
straightforward synthetic methods which do not employ
epoxidation. In contrast, the multifunctional cycloaliphatic
epoxide monomers presently in use are commonly prepared
by epoxidation of the corresponding olefin, a process that is
usually inconvenient and costly and sometimes dangerous.
For these reasons, cycloaliphatic epoxide resins are consid-
ered a specialty business.

In one aspect the invention relates to a series of 3-sub-
stituted oxetanes of formula

RZ

m

wherein R’ is hydrogen, alkyl of 1 to 6 carbons, fluorine,
fluoroalkyl of 1 to 6 carbons, allyl, aryl, furan or thiophene;

R? is a polyvalent radical chosen from the group consist-
ing of linear or branched alkylene, linear or branched
poly(alkyleneoxy),

1124 R3 R4
—(CH2)3—S1—0-€Si—0 3; 81— (CHz)3 —
» 3 4
R R R

CH; —
— CH>
R9
and

O

R’ is chosen from the group consisting of alkyl of 1-4
carbons and

R* is alkyl of 1 to 4 carbons:
R is alkyl of 1 to 4 carbons;
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R is hydrogen, alkyl of 1 to 4 carbons, alkoxy of 1 to 4
carbons, halogen, nitro, cyano, mercapto, lower-alkyl car-
boxylate, COOH or CONH,; |

R is O, S, CH,, NH, SO, SO,, C(CF,), or C(CH.,).;

Z. 1s oxygen or sulfur;

j 1s zero or an integer from 1 to 100;

mis 2, 3 or 4; and

n is an integer from zero to 2000.

Preferably R' is lower-alkyl, most preferably ethyl. R* and
R> are preferably methyl. Z is preferably oxygen. For
polymers of high surface hardness, n is preferably zero to
six; for polymers of high tensile strength, n is preferably 100
to 200; R’ is preferably hydrogen and R'? is preferably O,
CH,, C(CF;), or C(CH,),. Throughout the specification and
claims variables are defined when introduced and retain that
definition thereafter.

Another preferred embodiment includes compounds of
the formula

R* -
0\/\'
Si—0—| s

R4

| - —

Rl

4

The compounds of formula VI may be thought of as com-
pounds of formula I wherein

R® R R*
R”is — (CHz)3 —Si~ 0 +Si— 03 Si — (CHz)s —,
R? R’ R*
R’ R3

| |
R’ is — O Si— 0); —Si— (CHp)3 —,

|
R’ RA

11 1S one, j is zero, m is four and Z is oxygen. In general,
branched silicones having multiple appended oxetanes are
formed (i.e. m is 3 or 4) when R is a siloxane, whereas
linear bis(oxetanyl)silicones are formed when R? is lower
alkyl.

In another aspect the invention relates to oxetanes of the
formula:

Si—0—~—R!!

wherein r is an integer from 25 to 200; and
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R is alkyl of 1 to 4 carbons or trialkylsilyl.

In another aspect, the invention relates to UV-curable

compositions comprising the toregoing monomers and cat- -

ionic photoinitiators. In addition to the foregoing monomers,

the UV-curable compositions may comprise oxetane mono-
mers 1V and V

i\

CHgOCHg

particularly those in which R” is hydrogen, halogen or
alkoxy. Preferred photoinitiators are triarylsulfonium salts
and diaryliodonium salts.

In another aspect, the invention relates to processes for

preparing crosslinked propyloxy polymers comprising (a)

mixing an oxetane monomer of the invention with a cationic
photoinitiator and (b) exposing the mixture to ultraviolet
light.

In another aspect, the invention relates to crossiinked
propyloxy polymers produced by polymenzation of the
monomers of the invention. In the case where m in formula

[ 1s two, polymeric products may be represented by the
formula:

wherein R?? is the same as R and additionally may be

I
—C—RY—C—

and t and u are numbers from 2 to 2000.
In the case where m is four, (i.e. those arising from

monomers such as VI) polymeric products are represented
by the formula:
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/?ﬁ I
O CHj; Sl CHa
o CHj O CHs;
S1i—0—Si—0—38§i
Rl
CH3 O CH3z
l_| v CH; — Sl — CH3; O
|
L,

where v and w are also numbers from 2 to 2000.
In the case where the monomer has the structure of
formula 1V, polymeric products are represented by the

formula:
— O
R1
L N
I 0 —
RI
—{)

——

DETAILED DESCRIPTION INCLUSIVE OF
PREFERRED EMBODIMENTS

The oxetanes of the invention may be synthesized by the

procedure of Pattison [J. Am. Chem. Soc. 1957, 79] from 1,3
diols:

R} CH,OH R O
N/ KoCO3 N\
C + (CoH50),CO > C >:O
5/ AN - 6/’
R CH,0OH R 0
/02
RI
O
R0

The 1,3-diols are available by aldol condensation and
crossed Cannizzaro reaction of formaldehyde and carbonyl
compounds by procedures well-known in the art:

?Hg OH

R'R°CHCHO + H;CO ——> R'R°C—CHO
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-continued
(leZOH R! CH,0OH
R'R°C—CHO + H,CO —> >< + HCOOH
RO CH,OH

The compounds wherein R® is CH,OH are of particular 1

utility for the synthesis of monomers of the invention:

(I?.HQOH
> R'—C—CH,0H

|
(Etcnzcy

CH;OH
O

R'CH,CHO + H,CO

11l

OH
Rl

I

When it is desired that Z be sulfur, the free hydroxyl may be
converted to a mercaptan by procedures well known in the
art. The triol IIT wherein R is ethyl, trimethylolpropane, is
commercially available and the resulting oxetane II was
used in the syntheses that follow. Difunctional oxetane
monomers containing ether groups may be synthesized
utilizing the following chemistry:

24 KOH
OH + X—R XW

transfer
catalyst

O O
\gz/ O_RZHHO\gz/

In the above equation R** may be alkylene, xylylene,
poly(alkyleneoxy), or

X 1s bromine, chlorine or iodine.
Compounds of formula I in which m is three or four may

be made analogously to the compounds shown above
wherein m is two. Thus, for example, when R*® is a
branched or straight alkylene chain containing three or four
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replaceable groups X, compounds of the appropriate formu-
las I are synthesized.

In a similar fashion, monofunctional benzylether oxetanes
(formula V) can be prepared from 3-hydroxymethyloxet-
anes. These monofunctional oxetanes are useful as reactive

diluents, which may be used to reduce the viscosity and

improve the reactivity of multifunctional oxetanes or

epoxides in cationic photopolymerization compositions.
Monomers containing ester groups may be prepared using

o an ester exchange reaction:

n 0
OH+RO—C—R"”—C—OR ——>

O - O
O O
TR
O—C—R"—C—0O

and are described in U.S. Pat. No. 3,278,554.
Silicon-containing oxetane monomers are synthesized by
the generalized reaction sequence shown:

o
OH o
— .
+\/"‘\Cl NaOH ;
0 0

1r4 Ill13 1[14
H—Sli-:-O(SIi—O)ﬂSIi—H

(Ph3P)3Rh(Cl

R4 R13 R4
R4 RI3 R4
. |
o~ SI—O(Si—0)pSi~——_~_
?go [ ) 0
O _ O

wherein R? is alkyl of 1 to 4 carbons or

R’ R’

I |
—0+Si—0)Si—H.

EI{S R’

When R*° contains additional SiH bonds, additional oxetane
residues will be added.
In the case where 1t 1s desired that Z be sulfur, the oxetane
II may be tosylated and reacted with allyl sulfide.
Multifunctional oxetane monomers can be photopolymer-
1zed using a wide variety of cationic photoinitiators. Promi-
nent among such monomers are diaryliodonium salts, triar-
ylsulfonium salts and ferrocenium salts. Typical, very useful
photoinitiators are shown below in which R’ and R® are
alkyl chains of varying lengths from 1 to 18 carbon atoms,
M is a metal, typically antimony, and X is halogen. -
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MX,, "

The above photoinitiators can be used 1n concentrations of
from 0.1 to 20 weight percent based on the multifunctional
oxetane monomer. In addition to photoinitiators, photosen-
sitizers may also be added to adjust the wavelength of
sensitivity throughout the wvisible and UV regions of the
clectromagnetic spectrum. Typical sensitizers which may be
used in the course of this invention are listed in Crivello Adv.
in Polymer Sci. 62, 1 (1984), which 1s incorporated herein by
reference. Examples include pyrene, perylene, acridine
orange, thioxanthone, 2-chlorothioxanthone, and benzofia-
vin.
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The rapidly curable compositions of this invention may be

exposed to irradiation from a wide variety of sources, e.g.
mercury arc lamps, xenon arc lamps, fluorescent lamps,
carbon arc lamps, tungsten-halogen reprographic lamps and
ambient sunlight. The lamps can include envelopes capable
of transmitting light of a wave length from about 1848A to

30

4000A and preferably 2400A to about 4000A. The lamp -

envelope can consist of quartz or of Pyrex. When using UV
lamps, the irradiation flux on the substrate is preferably at
least 0.01 Watt per square inch to effect cure of the organic
resin within 1 to 20 seconds and to permit the cure to be
carried on continuously, as for example in a paper or metal
coating line.

The curable compositions of this invention may contain
inactive ingredients such as inorganic fillers, dyes, pigments,
extenders, viscosity control agents, process agents, and UV
screens in amounts of up to 100 parts filler per 100 parts
oxetane monomer. The curable compositions may be applied
to such substrates as metal, rubber, plastic, molded parts or
films, paper, wood, glass cloth, concrete and ceramics.

Some of the applications in which the curable composi-
tions of the present invention can be used are, for example,
protective, decorative and insulating coatings, potting com-
pounds, printing inks, sealants, adhesives, photoresists, wire
insulation, iextile coatings, laminates, impregnated tapes
and printing plates.

The following examples are given by way of illustration
and not by way of limitation.

Synthesis of Precursors

EXAMPLE 1
3-Ethyl-3-hydroxymethyloxetane

Into a 150 mL round bottom flask fitted with a magnetic
stirrer, thermometer, condenser, distiliation head and
receiver were placed a mixture of 67.0 g (0.5 mol) trim-
ethylolpropane, 59.0 g (0.5 mol) of diethyl carbonate and
0.05 g of potassium hydroxide dissolved in 2 mL. of absolute
alcohol. The mixture was refluxed until the pot temperature
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was below 105° C. and then distilled keeping the head
temperature at 76°-78° C. Distillation was continued until
the pot temperature was 145° C. Then, the pressure was
reduced gradually to 15 mm Hg maintaining the pot tem-
perature at 140°-150° C. Upon heating above 180° C.,
carbon dioxide evolution was rapid and most of the product
distilled at 100°~160° C. Redistillation through an efficient
column gave 43.9 g of 3-ethyl-3-hydroxymethyloxetane
(vield: 76%, b.p.:114°-115° C. at 16 mm Hg).

EXAMPLE 2

3-Ethyl-3-allyloxymethyloxetane

'To a solution of 23.2 g (0.2 mol) of 3-ethyl-3-hydroxym-
cthyloxetane in 48.4 g (0.4 mol) of allylbromide and 50 g of
a 50 wt % aqueous solution of potassium hydroxide in a 300
mL round bottom flask equipped with a magnetic stirrer was
added 1.0 g of tetra-n-butylammonium bromide with vigor-
ous stirring at 0° C. After 24 hrs, 100 mL of dichlorometane
and 100 mL of water were added to the reaction mixture. The
organic phase was washed with water twice, dried over
magnesium sulfate, filtered and the solvent removed on a
rotary evaporator. The residue was purified by distillation
under vacuum, giving 28.6 g of 3-ethyl-3-allyloxymethy-
loxetane (yield 92%, b.p.:35° C. at 1.5 mm Hg).

EXAMPLE 3

2-(3-Oxetane)butyl tosylate

A solution of p-toluenesulfonyl chloride (91.2 g; 0.48
mol) 1in dry pyridine (150ml) was added to 3 -ethyl-3-
hydroxymethyloxetane (27.8 g; 0.24 mol) in dry pyridine
(100 mi) with cooling in an ice/salt bath. When the first
exothermic stage of reaction was over, the mixture was
shaken overmight at room temperature, poured onto ice/
water (500 ml), and extracted with methylene chloride. The
extracts were washed with ice-cold and diluted HCI,
NaHCQO; solution, and water and dried over MgSQO,. After
removal of the solvent the ester was obtained as a light

reddish-brown oil, which is pure enough for most purposes.
Yield: 55.7 g (86%).

EXAMPLE 4

3-Ethyl-3-allylthiomethyloxetane

A solution of 2-(3-oxetane)butyl tosylate of example 3 in
an inert solvent such as THF is stirred with one equivalent
of allyl mercaptan at room temperature until reaction is
complete. The solvent is stripped and the residue taken up in
ether. The ether is washed with saturated aqueous NaHCQO,,
dried over MgSQO, and stripped to provide 3-ethyl-3-allythi-
omethyloxetane.

Synthesis of Monomers
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Monomer 1 (formula IV; R'=ethyl)

Employing the procedure of example 1, a mixture of 25.0
g (0.1 mol) of ditrimethylolpropane, 23.6 g (0.2 mol) of
diethylcarbonate and 5.0 g of potassium carbonate was
refluxed until the pot temperature was below 120° C. The
mixture was distilled keeping the head temperature 76°-78°
C. Distillation was continued until the pot temperature was
180° C., and then the mixture became viscous as a polymer
formed. Upon heating above 220° C., the viscous polymer
meit reverted to a mobile liquid and carbon dioxide evolu-
tion was rapid. Then the pressure was reduced gradually to
15 mm Hg, and most of the material distilled at 120°-170°
C. Redistillation through an efficient column gave 8.9 g of
monomer 1 (yield: 42%, b.p.: 165°~170° C at 16 mm Hg).

TABLE 1
Difunctional Monomers
0 O
0—R*—0
Monomer # R2¢
2 — (CH,),
3 —(CHyy—
4 0 0
| I
~C—CH; — CH;C —
5 CHj CH;
—(CHz)3 —S1— 0 —Si— (CHz)3 —
CHj CHs
0 CHj; CHs
—(CHz)3~ | Si—0 { —Si—(CHz)3—
CHs; , CHj
. _ _
CH; CH;
—~—(CH2)3— | §Si—0 | —Si—(CHj)3—
CHj . CH;
14
— CH; CH; —
15 CH, —
—CH,
16 —CH;
—CH;
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Monomer 2

To a solution of 34.8 g (0.3 mol) of 3-3-ethylhydroxym-
ethyloxetane in 21.6 g (0.1 mol) of 1,4-dibromobutane and
50 g of a 50 wt % aqueous solution of potassium hydroxide
was added 1.0 g of tetra-n-butylammonium bromide with
vigorous stirring at 0° C. After 24 hrs, 100 mL of ether and
100 mL of water were added to the reaction mixture. The
organic phase was washed with water twice, dried over
magnesium sulfate, filtered and evaporated. The residue was
purified by flash column chromatography on silica gel with
ethyl acetate/hexane (volume ratio 1:1), giving 19.8 g of
monomer 2. (yield:69%)

Monomer 3

The procedure for monomer 2 was repeated using 3-ethyl-
3-hydroxymethyloxetane (12.8 g; 0.11 mol) and 1,12-dibro-
mododecane (16.4 g; 0.05 mol). A colorless o1l was obtained
on purification by flash column chromatography on silica gel

with ethyl acetate/hexane (volume ratio 1:4) yield: 8.2 g
(48%).

Monomer 4

A muxture of 25.6 g (0.22 mol) of 3-ethyl-3-hydroxym-
ethyloxetane, 14.6 g (0.1 mol) of dimethylsuccinate and 0.8
g of titanium tetracthoxide was distilled keeping the head
temperature under 70° C. Distillation was continued until
the pot temperature was 150° C., and then the pressure was
reduced gradually to 15 mm Hg. The resulting carbonate
was purified by flash column chromatography on silica gel
with ethyl acetate/hexane (volume ratio 9:1), giving 27.1 g
of monomer 4 (yield:86%).

Monomer 5

A mixture of 9.4 g (0.06 mol) of 3-ethyl-3-allyloxym-
ethyloxetane, 3.4 g (0.025 mol) of 1,1,3,3-tetramethyldisi-
loxane and 0.01 g of tris(triphenylphosphine)rhodium(])
chloride in toluene(15 ml.) was stirred overnight at 80° C.
The toluene was removed with the aid of a rotary evaporator.
The residue was purified by flash column chromatography
on silica gel with ethyl acetate/hexane (volume ratio 1:4),
giving 7.5 g of monomer 5 (yield:67%).

Monomer 6

The procedure for monomer 5 was repeated using 9.4 ¢
(0.06 mol) of 3-ethyl-allyloxymethyloxetane, 5.2 g (0.025
mol) of 1,1,3,3,5,5-tetramethylldisiloxane, and 0.01 g of
tris(triphenylphosphine)rhodium(I) chloride in toluene (15
mL). A colorless oil (monomer 6) was obtained on purifi-
cation by flash column chromatography on silica gel with

ethyl acetate/hexane (volume ratio 1:4) in a yield of 8.3 g
(64%).

Monomer 7

The procedure for monomer 5 was followed using 9.4 g
(0.06 mol) of 3-ethyl-3-allyloxymethyloxetane, 7.0 g (0.025
mol) of 1,1,2,2,3,3,7,7-octamethyltetrasiloxane, and 0.01 g
of tris(triphenylphosphine)rhodium(I) chloride in toluene
(15 mL). A colorless o1l (monomer 7) was obtained on
purification by flash column chromatography on silica gel

with ethyl acetate/hexane (volume ratio 1:4) in a yield of 8.2
g (55%).
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Monomer 14

The procedure for monomer 3 was repeated using 3-ethyl-
3-hydroxymethyloxetane (12.8 g; 0.11 mol) and o,o-di-
bromo-p-xyiene (13.2 g; 0.05 mol). A colorless oil was
obtained on purification by fiash chromatography on silica
gel with ethyl acetate/hexane (2:3); yield: 15.4 g (92%).

Monomer 15

The procedure for monomer 3 was repeated using 3-ethyl-
3-hydroxymethyloxetane (12.8 g; 0.11 mol) and o,o'-di-
bromo-m-xylene (13.2 g; 0.05 mol). A colorless oil was
obtained on purification by flash chromatography on silica
gel with ethyl acetate/hexane (2:3); yield: 15.3 g (90%).

" Monomer 16

The procedure for monomer 3 was repeated using 3-ethyl-
3-hydroxymethyloxetane (12.8 g; 0.11 mol) and o,o'-di-
bromo-o-xylene (13.2 g; 0.05 mol). A colorless oil was
obtained on purification by flash chromatography on silica
gel with ethyl acetate/hexane (2:3); yield: 15.3 ¢ (90%).

TABLE 2

_Polyfunctional Monomers

Monomer # Structure

8 B 0 - ]
CH;
O—(CHy)s—Si—0O - 81
CHj .
5 _ _
CHs
—851—0
((szb r = 25-200
O
0O
i
Monomer 8

The procedure for monomer 5 was followed using 7.9 g
(0.05 mol) of 3-ethyl-3-allyloxymethyloxetane, 3.3 g(0.01
mol) of tetrakisdimethylisilyloxysilane, and 0.01 g of tris-
(triphenyiphosphine)rhodium(l) chloride in 15 mlL toluene.
Monomer & was obtained in 7.8 g (80% yield) as a colorless
o1l on purification by flash column chromatography on silica
gel with ethyl acetate/hexane (volume ratio 1:3).

Monomer 9

The procedure for monomer 5 was followed using 7.9 g
(0.05 mol) of 3-ethyl-3-allyloxymethyloxetane, 2.4 ¢ (0.04
mol eq.) of poly(methylhydrogensiloxane) (GE 554300C,
General Electric Co.), and 0.01 g of tris (triphenylphosphin-
e)rhodium(l) chloride in 15 ml toluene. An oligomeric
product (monomer 9) was obtained as a brown oil in 94%
(8.1 g) yield on removal of the toluene on a rotary evapo-
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rator.

Monomers 10-13

By a procedure analogous to that for monomers 3 through
8, it 1s contemplated that 3-ethyl-3-allylthiomethyloxetane
of example 4 may be converted to the sulfur analogs of
monomers 5 through 8.

TABLE 3

Monofunctional Monomers

O
OCH>
RQ
Monomer # R?
17 H
18 4-F
19 4-OCH,

Monomer 17

‘The procedure for monomer 2 was followed using 34.1 g
(0.2 mol) of benzyl bromide and 11.6 g (0.1 mol) of
3-ethyl-3-hydroxymethyloxetane. A colorless o0il was
obtained 1n 68% yield by flash chromatography on silica gel
with ethyl acetate/hexane; 3:7.

Monomer 18

The procedure for monomer 17 was followed using 37.8
g (0.2) mol of 4-fluorobenzyl bromide. A colorless oil was
obtained from flash chromatography on silica ge! with ethyl
acetate/hexane (3:7); yield: 18.2 g (92%).

Monomer 19

The procedure for monomer 17 was followed using 37.0

g (0.2 mol) of p-methoxybenzyl bromide. Monomer 19 was
obtained in 76% yield.

Photopolymerization of Monomers 1-9

Photopolymenzations of the monomers were carried out
using neat monomers containing various concentrations of
the omium salts shown below as photoinitiators.

Photoinitiator 1
SbFg

e
O

Photoimitiator 2

SbFg~

Photoinitiator 3

OCgHz;
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-continued
SbFe

S-!-

~O

In addition, three epoxide resins with structures shown
below were evaluated using the same photoinitiators in
side-by-side comparisons. Silicone epoxide 1 has been
reported to be very reactive in cationic UV cure; epoxide 2
1s considered a “high reactivity” biscycloaliphatic epoxide
which is available commercially; epoxide 3 is a simple
epoxide lacking the additional strain of a fused ring and may
be considered the 3-membered ring analog of the oxetanes
of the invention.

2

(]3H3 (|3H3

S1—0 81

| 1 N
O CHs CH; 0

epoxide 1

O

A

O

epoxide 2

O O

VARV /N
O—(CH)s—0O
epoxide 3

The rates of polymerization of the various monomers were
measured by recording their gel times in 10 ul capillary
tubes using a “GEL POINTE” apparatus. This apparatus is
equipped with a tungsten-halogen lamp and the time from
when the lamp is turned on until the oscillation of the
meniscus ceases in the capillary tube is recorded as the gel
time. The shorter the gel time, the more reactive the mono-
mer 1S in cationic UV curing.

In addition, the tack free energies (T.E.E.) of the various
multifunctional oxetane monomers were measured and com-
pared with one another and with the above epoxide reference
resins. A conveyor-type UV radiation apparatus (Fusion
Systems, F-300 Laboratory UV Cure Processor) was used
for these studies. The minimum energies in miilijoules per
square centimeter (mJ/cm?) were recorded. Thus, the lower
the energy required to cure a monomer, the higher its
reactivity.

The results of polymerization studies are shown in Table
4. The photoinitiator concentration was 0.25 mol % per
reactive functional group; the lamp intensity was 300 w/cm?
at 16.5 cm; and the film thickness was 75 pm.

TABLE 4

Gel Times and Tack Free Enersies of UV Cured
Multifunctional Oxetanes

Photoiniti- Gel T.FE.
Monomer ator Time (sec.) (mJ/cm?)
1 1 3 370 450
2 1 320 500
3 1 110 550
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TABLE 4-continued
Gel Times and Tack Free Energies of UV Cured

Mu}tifunctional Oxetanes
Photoimti- Gel T.EE.
Monomer ator Time (sec.) (mJ/cm?)
4 | >500 >1000
5 1 200 550
6 1 230 650
7 1 250 700
8 I 30 500
g 1 * *
Epoxide 1 1 60 <80
Epoxide 2 1 >500 4500
1 2 210 550
2 2 175 550
3 2 55 550
4 2 >500 >1000
5 2 65 550
6 2 90 650
7 2 120 700
8 2 10 500
9 2 - x
Epoxide 1 2 5 >80
Epoxide 2 2 >500 >4000

*Photoinitiators were insoluble in the monomer.

A comparison of the gel time data in Table 4 shows that
surprisingly, certain of the multifunctional oxetane mono-
mers of this invention undergo more rapid UV cure than the
“highly reactive” epoxide monomers used as references. For
example, using photoinitiator 1, oxetane monomer 8 is more
reactive than epoxide 1. At the same time, virtually all of the
oxetane monomers with the exception of monomer 4 are
more reactive than epoxide 2. This same pattern of gel time
measurements is shown with photoinitiator 2. The tack free
fime measurements show the same trends. With photoini-
tiators 1 and 2 respectively, tack free energies of <80 and
>80 mJ/cm” for the silicone-epoxide 1 were recorded while
4500 and 4000 mJ/cm® was found for epoxide 2. Again,
surprisingly, the multifunctional oxetane monomers are
more reactive on this basis than the “high reactivity” bis-
cycloaliphatic epoxide 2.

Side-by-side comparison of the multifunctional oxetane
monomers with the most reactive epoxide monomers known
to the inventors clearly shows the unexpected reactivity of
the UV curable oxetane compositions of this invention.

A similar set of polymerization studies is shown in Table
5. In this case the monomers 14, 15 and 16 were compared
to epoxides 2 and 3 and to oxetane monomer 2. The
polymernizations were carried out as before except that the
films were 10 pm thick and the photoinitiator was photo-
initiator 3.

TABLE 5
tack free
gel time Energy

Monomer # (in seconds) (mJ/cm?)
14 5 350
15 400
16 400
2 60 600
epoxide 3 75%* 2500
epoxide 2 ** 1300

*epoxide 3 remained a liquid for the duration of the exposure
**the viscosity of the monomer was too high to measure a gel time

The rates of polymerization of monofunctional 3-benzy-
loxymethyloxetanes 17, 18 and 19 were measured by fol-
lowing the rate of disappearance of the oxetane band at 980



cm ™ in the infrared. In order to determine the ef

17
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‘ect of the

benzyl group on the rates of photopolymerization, the study
included monomer 2 which does not contain a benzyl group.
The irradiation doses required to reach various conversions
were determined and the resuits are presented in Table 6.
The photoinitiator was photoinitiator 3 at 0.5 mol %. The
lamp intensity was 13 mW/cm?. In all cases, the oxetane
monomers contamning benzyl moieties were observed to be
more reactive and to require smaller irradiation doses to

reach the same % conversion to polymer than did monomer

2.

Monomer #

2
14
17
18
19

We clai

TABLE 6
irradiation dose in mJ/cm? for
the folowing conversions

S50% 60% 70% 15%
4(0) 600 1000 1500
200 250 500 1000

63 75 8 75

85 95 110 120

40 45 335 60

1. A comﬁound of formula

m

wherein R’ is alkyl of 1 to 6 carbons;

RZ is

R? R’

—(CH2)3—5|3i—0-(-Si —Oﬁ?i—(CHZ)s—
R

R? is chosen from the group consisting of alkyl of 1-4

carbons and

— 0+

R3

li".‘s Rﬁ
Sli — 0);—Si
R’ R’

R* is alkyl of 1 to 4 carbons;
R is alkyl of 1 to 4 carbons;
Z. 1s oxygen or sultur;

R4
|

R4

(CHz)3 —,
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] is zero or an integer from 1 to 100;
mis 3, 3 or 4; and

n is an mteger from zero to 2000.

2. A compound according to claim 1 wherein R’ is alkyl
and m is two.

3. A compound according to claim 2 wherein R° is methyl
and n 1s from zero to 6.

4. A compound according to claim 2 wherein R is methyl

and n 1s from 100 to 200.
5. A compound having the formula

1 0\/\ |
R Si—O Si

wherein

R* is hydrogen, alky! of 1 to 6 carbons, fluorine, fiuoro-
alkyl of 1 to 6 carbons, allyl, aryl, furan or thiophene;
and

R* is alkyl of 1 to 4 carbons.

6. A compound according to claim § wherein R’ is ethyl
and R* is methyl.

7. A compound of formula

e §jr QR

wherein R’ is hydrogen, alkyl of 1 to 6 carbons, fluorine,
fluoroalkyl of 1 to 6 carbons, allyl, aryl, furan or thiopene;

R> is alkyl of 1 to 4 carbons;
R'! is alkyl of 1 to 4 carbons or trialkylsilyl; and
r 1s an integer from 25 to 200.
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